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Objectives. This study was performed to assess a new indicator 
of regional left ventricular contraction determined by a two- 
dimensional tissue Doppler imaging technique. 
Background. Recent studies have demonstrated that instanta- 
neous tissue motion velocity can be noninvasively assessed by 
tissue Doppler imaging. However, quantitative assessment of 
regional left ventrieular contraction is still difficult because of the 
effects of the Doppler angle of incidence and parallel motion of the 
whole heart. 
Methods. We assessed left ventricular wall motion in 11 normal 
subjects, 14 patients with an old myocardial infarction (antero- 
septal in 7, posterior in 7) and 8 patients with dilated cardiomy- 
opathy. Tissue Doppler velocity was corrected by the Doppler 
angle of incidence after the hypothetical center of contraction was 
set. Subsequently, the myocardial velocity gradient between the 
endocardium and epicardium was determined from the velocity 
profile along each radial line from the center of contraction by 
using least squares linear regression. 
Results. In normal subjects, peak myocardial velocity gradient 
was lower in the anteroseptal wall (mean [+SD] 1.69 -+ 0.53 s -t) 
than in the posterior wall (3.28 _+ 0.67 s -1, p < 0.01). Myocardial 
velocity gradient in the infarct regions was significantly lower 
(anteroseptal 0.58 -+ 0.41 s -1, p < 0.05; posterior 0.17 -+ 0.27 s -1, 
p < 0.01) than that in normal subjects as well as that in the 
corresponding noninfarct regions (2.84 _+ 037 s -~ and 1.48 +- 
0.25 s -1, p < 0.01, respectively). In patients with dilated cardiom- 
yopathy, myocardial velocity gradient was generally lower (antero- 
septal 0.72 + 0.59 s-l; posterior 0.93 -+ 0.67 s -~) than that in 
normal subjects (p < 0.01). 
Conclusions. These results demonstrate that regional left ven- 
tricular contraction can be quantitatively assessed by the myocar- 
dial velocity gradient derived from two-dimensional tissue Dopp- 
ler imaging, We suggest that myocardial velocity gradient has 
potential for the quantitative assessment of regional left ventric- 
ular contraction abnormalities in patients. 
(J Am Coil Cardiol 1995;26:217-23) 
Studies on left ventricular wall motion are an essential part of 
the diagnosis and assessment of patients with heart disease. In 
particular, quantitative measurement of regional eft ventricu- 
lar contraction provides valuable information in evaluating the 
effects of drug interventions or coronary, artery, revasculariza- 
tion. Two-dimensional echocardiography is a simple, noninva- 
sive technique that has been widely used to assess left ventric- 
ular function. Although attempts have been made to quantitate 
the regional left ventricular contraction abnormalities by using 
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two-dimensional echocardiography (1-6), some limitations 
regarding the quantitation remain (7-10). 
The recent advent of a tissue Doppler imaging technique 
has permitted two-dimensional measurement of tissue motion 
velocity in real time (l 1-17). However, because tissue Doppler 
imaging detects the velocity against the transducer, both the 
Doppler angle of incidence and parallel motion of the whole 
heart can influence the velocity measurements, causing diffi- 
culty in the quantitative assessment of regional left ventricular 
contraction abnormalities in clinical settings. 
Myocardial thickening is an important indicator of regional 
left vcntricular contraction (18-20). In a normally contracting 
heart, the endocardium moves faster than the epicardium 
during myocardial contraction, reflecting the rate of increase in 
wall thickness. Therefore, the velocity gradient between the 
endocardium and epicardium in systole may be an indicator of 
regional myocardial contraction (21). However, the noninva- 
sive, two-dimensional measurement of the myocardial velocity 
gradient has not been studied in patients. Thus, in this study, 
we attempted to determine myocardial velocity gradient from 
the direct velocity measurements by using two-dimensional 
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Figure 1. Schematic drawing of a 
left ventricular short-axis slice, 
demonstrating the concept of myo- 
cardial velocity gradient. Myocar- 
dial velocity gradient was defined 
as the difference in velocity be- 
tween the endocardium and epicar- 
dium divided by the myocardial 
wall thickness (L). It reflects the 
rate of change in myocardial thick- 
ness, thereby expressing the degree 
of regional myocardial contraction, 
independent ofthe parallel motion 
of the heart. See text for details. 
Dashed lines denote ultrasound 
beam directions. ~0~, ¢2 = Doppler 
angles of incidence of the parallel 
motion of the whole heart; 0~, 02 = 
Doppler angles of incidence of the 
myocardial velocities', V~j = en- 
docardial myocardial velocity; 
V,p, - epicardial myocardial veloc- 
ity; V h - parallel cardiac motion 
(dashed arrows). 
tissue Doppler imaging. We also attempted to evaluate the 
clinical feasibility of this method for assessing regional left 
ventricular contraction i patients with left ventricular contrac- 
tion abnormalities and in normal subjects. 
Methods  
Concept of myocardial velocity gradient. In a normally 
contracting heart, the endocardium moves faster than the 
epicardium, reflecting the rate of increase in wall thickness. 
Thus, the myocardial velocity gradient (MVG), defined as the 
difference in myocardial velocity between the endocardium 
(V~nd) and epicardium (V~pi) divided by myocardial wall 
thickness (L), should express the degree of regional myocardial 
contraction (Fig. 1): 
MVG (V~,,d Vcpi)/L. 
Velocities observed in the endocardium (V~.,d) and epicar- 
dium (V~pi) are expressed as follows: 
Vcnd : Vcnd COS 01 + g h cos  ~1; Vcl fi - Vcp t cos  02 1- V h cos  ~2, 
where 0 I, 02 : the Doppler angles of incidence of the wall 
motion; ~l, ¢2 = the Doppler angles of incidence of the 
parallel motion of the whole heart; and V h = parallel motion 
of the whole heart. If the effect of the Doppler angle of 
incidence is similar across the endocardium and epicardium 
(cos 01 - cos 0,5 cos ¢1 ~ cos ¢2), the parallel motion of the 
whole heart (Vh) is canceled. Under such conditions, myocar- 
dial velocity gradient is theoretically an index independent of 
the parallel motion of the whole heart: 
MVG - (v~,,~l - Vcpi)/L cos 0. 
Because the exact determination of the endocardium and 
epicardium is sometimes difficult, we obtained myocardial 
velocity gradient as the inclination of the regression line of the 
velocity profile between the endocardium and epicardium 
along each radius from the hypothetical center of contraction. 
Tissue Doppler imaging system. The concept and technical 
aspects of the tissue Doppler imaging system used in this study 
have been described in detail elsewhere (17,22). In brief, a 
color Doppler sector scanner (Toshiba SSH-160A/HG or 
SSA-380A, Tokyo, Japan) was modified such that 1) the lowest 
measurable velocity was improved to as low as 0.2 cm/s 
(SSH-160A/HG) or 0.1 cm/s (SSA-380A) by eliminating the 
high pass filter, and 2) the flow signals were eliminated on the 
basis of difference in signal amplitude. Importantly, the frame 
rate was improved to 38 frames/s by reducing the number of 
data samplings (SSH-160A/HG) or up to 57 frames/s by 
parallel signal processing (SSA-380A) so that the two- 
dimensional velocity images were obtained without overt spa- 
tial distortion. 
Image acquisition and analysis. Tissue Doppler imaging of 
the left ventricular short-axis lice at the level of the papillary 
muscles was performed in all 33 subjects tudied. This enabled 
simultaneous acquisition of the conventional two-dimensional 
echocardiographic image and the tissue Doppler velocity im- 
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age. By reviewing the cine loop memo~, we selected a frame 
that showed the highest velocity in the endocardium. Velocity 
data from the tissue Doppler imaging system were directly 
transferred to a personal computer (Quadra 950, Apple Com- 
puter, Inc.) as color-coded red (for positive velocities) and blue 
(for negative velocities) analog images through an interface 
(IQ-V50, Hamamatsu Photonics, Hamamatsu, Japan). 
The linear relation between the velocity and color intensity 
was confirmed by the manufacturer. Both in vitro and in vivo 
validation studies regarding the velocity measurement have 
been done elsewhere (15,17,22). 
Myocardial velocity gradient imaging. Computer software 
was developed to reconstruct myocardial velocity gradient 
images. To extract he information of myocardial velocities, we 
manually selected several points and interpolated between the 
points by using spline function along both the endocardial nd 
the epicardial borders in the conventional two-dimensional 
echocardiographic image simultaneously obtained uring tis- 
sue Doppler imaging. Subsequently, the velocity data between 
the endocardial and epicardial borders were extracted. After 
setting the hypothetical center of contraction, the velocity data 
were corrected by the actual Doppler angle of incidence for 
each pixel. The velocity profile between the endocardium and 
epicardium was obtained for each radius from the center of 
contraction. The myocardial velocity gradient was calculated as 
the rate of inclination of each velocity profile by using least 
squares linear regression. By coding the myocardial velocity 
gradient red for a positive gradient and blue for a negative 
gradient, we reconstructed a myocardial velocity gradient 
image for each tissue Doppler image. 
In this study, average myocardial velocity gradient from the 
anteroseptal wall (45 ° around the 12 o'clock position) as well as 
that from the posterior wall (45 ° around the 6 o'clock position) 
were used for the statistical analysis. 
Study group, The study group comprised 11 normal volun- 
teers (11 men, 0 women aged 21 to 50 years), 7 patients with 
old anteroseptal myocardial infarction (7 men, 0 women aged 
49 to 72 years), 7 patients with old posterior myocardial 
infarction (5 men, 2 women aged 48 to 70 years) and 8 patients 
with dilated cardiomyopathy (6 men, 2 women aged 31 to 53 
years). All had normal sinus rhythm. Informed consent was 
obtained from each. The normal volunteers were hospital 
personnel with normal echocardiographic findings. The diag- 
noses in the patient groups had been confirmed by both 
conventional echocardiography and diagnostic ardiac cathe- 
terization. Left ventriculography ad revealed either akinesia 
or severe hypokinesia in the infarct area in the patients with 
myocardial infarction and generalized hypokinesia (ejection 
fraction <30%) in the patients with dilated cardiomyopathy. 
Reproducibility of measurements was assessed in 10 sub- 
jects randomly allocated from the normal subjects and from 
the patients with dilated cardiomyopathy. The mean difference 
between the measurements of peak myocardial velocity gradi- 
ent in each subject was 0.22 _+ 0.13 s 1. Interobserver variabil- 
ity was also assessed in the same 10 subjects by two indepen- 
dent observers (M.U. and N.T.). The mean difference between 
the measurements of the two observers was 0.35 _+ 0.31 s 1. 
Statistical methods. Data are expressed as mean value + 
SD. Statistical analysis was performed by using analysis of 
variance and the Scheff6 F test for unpaired data and the 
paired mean comparison test for paired data. We considered 
results ignificant when the p value was <0.05. 
Resul ts  
Myocardial velocity gradient in normal subjects. In nor- 
mal subjects, the left ventricular wall was contracting toward 
the center of the short axis. In the uncorrected tissue Doppler 
image, during systole, the anteroseptal wall was color-coded 
blue and the posterior wall red, especially along the endocar- 
dium, corresponding to the directions of the wall motion 
against he transducer (Fig. 2a). 
In the reconstructed myocardial velocity gradient image, 
the entire left ventricular wall was coded red during systole 
except for the lateral wall, where the Doppler angle of 
incidence was too large for the velocity measured to be 
corrected (Fig. 2a). Myocardial velocity gradient in the antero- 
septal wall was significantly lower (1.69 _+ 0.53 s -l) than that in 
the posterior free wall (3.28 +_ 0.67 s -1, p < 0.01) in normal 
subjects (Fig. 3a). 
Myocardial infarction. We obtained myocardial velocity 
gradient images in patients who demonstrated left ventricular 
regional wall motion abnormalities. Representative images 
from patients with anteroseptal and posterior myocardial 
infarction are shown in Figure 2b and 2c, respectively. The 
infarct regions revealed either akinesia or severe hypokinesia 
by conventional two-dimensional echocardiography. B  tissue 
Doppler imaging, the infarct regions were also color coded, but 
there was little change in color brightness between the endo- 
cardium and epicardium compared with that in noninfarct 
regions. 
Myocardial velocity gradient in patients with anteroseptal 
infarction was significantly lower in the infarct region (0.58 _+ 
0.41 s ~) than in the noninfarct region (2.84 +_ 0.37 s l, p < 
0.01, Fig. 3b) and was also significantly lower than that in the 
corresponding wall in normal subjects (p < 0.05, Fig. 4). 
Similarly, in patients with posterior infarction, myocardial 
velocity gradient was significantly lower in the infarct region 
(0.17 +_ 0.27 s -I) than in the noninfarct region (1.48 _+ 
(1.25 s - l  p < 0.01, Fig. 3c) or in the corresponding wall in 
normal subjects (p < 0.01, Fig. 4). 
Dilated cardiomyopathy. In patients with dilated cardio- 
myopathy, left ventricular contraction was generally impaired 
as assessed by conventional echocardiography. B  tissue Dopp- 
ler imaging, although color brightness was maintained because 
of the expanded velocity display for low ranges, the change in 
brightness between the endocardium and epicardium was 
reduced (Fig. 2d). Under these conditions, myocardial velocity 
gradient was generally lower in both the anteroseptal wall 
(0.72 _+ 0.59 s -1, p < 0.05) and the posterior wall (0.93 _+ 
(i.67 s-1 p < 0.01, Fig. 3d) than that in normal subjects (Fig. 
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Figure 2. Representative conventional two-dimensional echocardio- 
graphic (2D Echo), tissue Doppler (TDI) and reconstructed myocar- 
dial velocity gradient (MVG) images of a left ventricular short-axis 
slice at the level of the papillary muscles. In each panel, two- 
dimensional echocardiographic and tissue Doppler images were simul- 
taneously obtained at peak endocardial velocity. The white are by the 
myocardial velocity gradient image indicates the region of interest. 
Color bars represent the range of myocardial velocity gradients from 
-3.0 to 3.0 s 1 a, Normal subject. By tissue Doppler imaging, 
although both walls were moving toward the center, the anteroseptal 
wall was color coded blue and the posterior wall red, reflecting the 
direction of the wall motion against he transducer. In the recon- 
structed myocardial velocity gradient image, the left ventricular wall 
was coded red, with the exception of the lateral wall, where the 
Doppler angle of incidence was too large for the measured velocity to 
be corrected. The regions of interest in the anteroseptal nd posterior 
walls are indicated by white arcs. where the myocardial velocity gradi- 
4). By using myocardial velocity gradient, we could differenti- 
ate the degree of regional eft ventricular contraction abnor- 
malities among normal subjects, patients with anteroseptal nd 
posterior old myocardial infarction and patients with dilated 
cardiomyopathy (Fig. 4). 
Discussion 
Development of a new method. A Doppler technique for 
producing images of the velocity of tissue motion has recently 
been developed (11-17,22). With this method, color flow 
ents (anteroseptal 1.66 s 1, posterior 4.53 s ~) were provided for 
statistical analysis, b, Anteroseptal myocardial infarction (ant M1). 
Although the anteroseptal wall preserved its thickness by two- 
dimensional echocardiography and was color coded blue in an uncor- 
rected tissue Doppler image, there was little change in the color 
intensity between the endocardium and epicardium. The myocardial 
velocity gradient image revealed reduced gradients in the anteroseptal 
region, as indicated by the dark color, e, Posterior myocardial infarc- 
tion (post MI). Little change was observed in the color intensity 
between the endocardium and epicardium in the posterior wall, even 
though the posterior wall was color coded red in the uncorrected tissue 
Doppler image. The myocardial velocity gradient in the posterior wall 
was markedly reduced, d, Dilated cardiomyopathy (DCM). The left 
ventricle was dilated on two-dimensional echocardiography, and the 
myocardial velocity gradient was generally reduced as expressed by the 
dark color, although the uncorrected tissue Doppler image shows rela- 
tively bright colors because of the expanded low velocity range display. 
Doppler imagers were used to depict velocities within the 
myocardium rather than blood circulating in the cardiac cham- 
bers. This method may be applied to the quantitative assess- 
ment of regional left ventricular contraction, but it needed 
improvement. 
In particular, the frame rate in a conventional color Dopp- 
ler scanner is usually limited to 10 to 20 frames/s because the 
scanner utilizes autocorrelation signal processing, which re- 
quires several data points for a velocity measurement (23). The 
duration of blood flow is usually long enough for this relatively 
slow frame rate to detect the flow. However, to analyze 
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Figure 3. Peak myocardial velocity gradients in normal subjects (a) 
and in patients with old anteroseptal myocardial infarction (b), old 
posterior myocardial infarction (c) and dilated cardiomyopathy (d). 
Anteroseptal (ANT) and posterior (POST) walls were compared. In 
normal subjects, myocardial velocity gradicnl was lower in the antcro- 
septal wall (1.69 + 0.53 s i) than in the posterior free wall (3.28 + 
0.67 s i p < 0.01). See text for details. 
ventricular wall motion, a frame rate that is at least compara- 
ble to that of conventional two-dimensional echocardiography 
(~30 frames/s) is necessary for two-dimensional tissue Dopp- 
ler imaging to obtain a spatially undistorted velocity image. 
Accordingly, our group (14,15,17,22) developed a new tissue 
Doppler imaging system that permits a higher frame rate than 
that of conventional two-dimensional echocardiography. 
Two other problems made the left ventricular wall motion 
abnormalities difficult to quantitatc with this technique. First, 
the technique detected the sum of the velocities associated 
with regional wall motion as well as the parallel motion of the 
whole heart, rather than regional wall motion velocity alone 
(17). In addition, the velocity detected was dependent on the 
Doppler angle of incidence. To solve these problems, in this 
study we introduced two-dimensional myocardial velocity gra- 
dient imaging by setting the hypothetical center of contraction 
in a left ventricular short-axis tissue Doppler image. 
Quantitation of regional left ventricular contraction. 
Fleming et al. (21) introduced a new indicator of regional eft 
vcntricular contraction, "myocardial velocity gradient," de- 
rived from M-mode tissue Doppler measurements in the left 
ventricular posterior wall of normal volunteers. This variable 
reflected the rate of change in wall thickness and, thus, 
regional myocardial contraction. Although the very high sam- 
piing rate of M-mode Doppler imaging made it an ideal 
technique for detecting subtle changes in wall motion, the lack 
of spatial orientation was a serious limitation. 
The high frame rates in our tissue Doppler imaging system 
enabled calculation of myocardial velocity gradients not only 
from M-mode but also from two-dimensional tissue Doppler 
velocity data. The present study was the first to determine the 
myocardial velocity gradients in both anteroseptal nd poste- 
rior wall regions from the two-dimensional tissue Doppler 
velocity measurements in patients with regional left ventricular 
contraction abnormalities and in normal subjects. 
In uncorrected tissue Doppler images, the normally con- 
tracting left ventricle was color coded both red and blue during 
systole because of the technique's dependence on the Doppler 
angle of incidence (Fig. 2a). In addition, akinetic segments 
were also sometimes color coded, in part because of the 
parallel motion of the whole heart and in part because of the 
ability of the tissue Doppler technique to detect extremely low 
velocity. Hence, akinetic segments were sometimes over- 
looked. 
In contrast, with myocardial velocity gradient imaging, the 
normally contracting left ventricle was coded red during sys- 
tole, except in the lateral regions (Fig. 2a). Thus, the regions 
with normal contraction were easily recognized. The infarct 
regions demonstrated much less color brightness than did the 
regions with normal contraction and thus were also readily 
detectable (Fig. 2, b and c). These results suggest hat the 
myocardial velocity gradient is an indicator of regional con- 
g 4 
Figure 4. Comparison of the myocardial ve- 
locity gradients among normal subjects and ._ 
the patient groups. Using the myocardial vc- ~ 3 
locity gradient, we could differentiate he de- 
gree of regional eft ventricular contraction 
abnormalities in the anteroseptal wall (left) as ~ 2 
well as in the posterior wall (right) among -~ 
patients with old anteroseptal nd posterior > 
myocardial infarction and patients with di- m 
lated cardiomyopathv compared with normal ~ 1 
subjects. *p < 0.05, tp < 0.01 versus normal 
subjects. Abbreviations as in Figure ,~. "  
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traction that is little affected by the parallel motion of the 
whole heart or by the Doppler angle of incidence. 
In normal subjects, the myocardial velocity gradient was 
unexpectedly ower in the anteroseptal than in the posterior 
wall, even though the myocardial velocity gradient is theoret- 
ically free from the effect of an upward shift of the whole heart. 
However, earlier studies with other techniques demonstrated a 
similar phenomenon. For example, cineangiograms indicated a
greater extent of shortening in the free wall than in septal 
regions (24,25), and the extent of myocardial thickening was 
less in the anteroseptal than in the posterior wall by two- 
dimensional echocardiography (9). The present data agree 
with these earlier observations in normal subjects. 
Limitations of the study. The lower myocardial velocity 
gradient in the anteroseptal wall in normal subjects may affect 
the diagnosis. However, as demonstrated previously, the myo- 
cardial velocity gradient in the anteroseptal region in patients 
with anteroseptal myocardial infarction or dilated cardiomy- 
opathy was significantly smaller than that in the anteroseptal 
region in normal subjects (Fig. 4). Thus, the myocardial 
velocity gradient may be a valid diagnostic indicator even 
under these circumstances, although the reduced anteroseptal 
wall motion in normal subjects hould be taken into account 
when making a quantitative comparison. 
Although we used velocities corrected by Doppler angle of 
incidence to overcome angle dependence, we could not recon- 
struct a clear velocity gradient image in the medial or in the 
lateral walls, where the Doppler angle of incidence was 
relatively large. To cancel the effect of the parallel motion of 
the whole heart, the difference in the Doppler angle of 
incidence must be negligible across the epicardium and endo- 
cardium. However, this assumption may not be true in certain 
myocardial locations, particularly upper medial as well as 
upper lateral ocations, where the Doppler angle of incidence 
is large and the distance from the transducer is short. There- 
fore, in these locations, the myocardial velocity gradient may 
be affected by the motion of the whole heart. Nonetheless, in
the most proximal myocardial location or the anteroseptal 
region, even though this location is closest o the transducer, 
the myocardial velocity gradient may he considered indepen- 
dent of the upward shift of the whole heart, since the cosine of 
the Doppler angle of incidence in this location can be approx- 
imated as 1. Thus, this method can be used to assess regional 
contraction i anteroseptal aswell as posterior walls, covering 
the main regions of interest in patients with myocardial 
ischemia. To assess posteroseptal as well as anterolateral walls, 
it may be necessary to use other approaches, uch as the 
subcostal approach, which was not used in the present study. 
Instead of analyzing all consecutive frames during systole, 
we selected a frame that showed the highest velocity in the 
endocardium to reconstruct a velocity gradient image. This 
procedure might have caused some deviation from the true 
peak image of the myocardial velocity gradient, but it is not 
likely that such a small difference in timing would greatly affect 
assessment of the myocardial velocity gradient. 
Although the accuracy of the velocity measurements by the 
tissue Doppler technique was validated in previous studies 
(15,17,22), the present study does not contain direct validation 
methodology for the myocardial velocity gradient calculations 
because of the unavailability of another independent standard 
of reference for velocity gradient. In addition, our study group 
included only four women; although we had no intention of 
excluding women from the study, this should also be noted as 
a limitation. 
Future clinical applications. Because the myocardial ve- 
locity gradient is theoretically little affected by the motion of 
the whole heart, this indicator may be particularly useful for 
assessing patients who have undergone cardiac surgery, in 
whom conventional echocardiography often fails to provide 
correct information of regional wall contraction because of the 
effects of the motion of the whole heart. Quantitation of 
regional eft ventricular contraction by this method should be 
useful when performing intraindividual comparisons during 
exercise or dobutamine stress echocardiography or for assess- 
ing the time course of therapeutic interventions. Because this 
technique potentially provides instantaneous, beat by beat 
quantitation of wall motion without he need for exact end- 
diastolic and end-systolic border tracings and reference sys- 
tems, it may be more robust than conventional two- 
dimensional echocardiography. Although the present system 
lacks sufficient speed and memory to make such applications, 
practical, technologic development of the on-line, high speed 
and large quantity image acquisition and storage system to- 
gether with an automated myocardial edge detection technique 
should facilitate such applications in the near future. 
Conclusions. We demonstrated quantitative assessment of
regional eft ventricular contraction abnormalities in various 
clinical settings by using a new indicator, myocardial velocity 
gradient derived from two-dimensional tissue Doppler imag- 
ing. We suggest hat this indicator has potential for the 
quantitative assessment of regional left ventricular contraction 
abnormalities in patients, although a few technical limitations 
should be resolved. 
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